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SI@IIFICANCE OF ALXYLATE-FEPTACEMENT VALUES

OF AVIATION ¥UEL COMPONENTS

By Newell D, BSanders

SUMMARY

ObJect. - To discuse tho sirmiflcance of alkylate-replacement
values ard to 1llustrate methods of estlmating these values.

Scope. - Equatiors exprescing alkylate-replacement values in
terms of tle blendlag cheracterlistlca of fuel are given aad nethods
of estimating slk;late-replaczoment values are described. The eshl-
mated effect on engine performance resulting frau ti:e replscerent
of alkrlete 18 dlocussed and 1llustratsd by test data obtalned vith
F-3 and ¥-4 latorotory engineo and deta o.tained wltl: a T'right R-1820
Ga2(C cylinder.

Conclueions, - AlkrlaSe-replecarient value dope:is nos only wpon
tie ruting of “.ie fuel cormponsit that ie replacing tle alkrlate hutl
eleo uwpon tie ratings of wlie alk late and tka tase fuel., The allkylate-
replacemont value of a frel camponent is Independent of tho relative
proportion of tlie compoment and of tre knock limits cf tlaos blends
provided that tle lmock limits follow tre reciprocal blendinz equation.
The alkylate-replacement valus of a fuel component in the case vhere
tao knock limits of the blends do not Tollow tle reciprocal blending
eqvation deponds upon tliie krmozk lim!ts of tke fuel blends,

IITTODUCTION

The alkylate-ronlacement valus of a fuel component 1s definod
as the ratlo of tlie quantity of gesoline of a specifisd quality
thich can be made with tho component to the gunantity which can be
made with an equal amount of alkylate when either is blended with

another component. Tko othor component is usually a low-octans base
stock,

The alkylato-replacement value is useful in estimating the
relative gquantities of finlshod grsoline that can bo produced from
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various high-octane components. Alkylate is used as the stendard
for comparlscn because 1t 1s the most commonly used high-antikneck

component.

The concent of alkylate-replacement value is valid not only for
blends with ratings lower than the rating of alkylate but also for
blends with ratings exceeding the rating of alkylate.

This paper discusses the factors affecting alkylate-replacement
values, 1llustrates convenlent methods of estimating alkylate-
replacement values, and shows how differences in engines and cper-
ating condltions alter alkylate-replacement values and engine per-
formance. The effects of engine dlfferences are illustrated by
deta obtained from F-3 znd F-4 engines and from an R-1820 G200
cylinder. Blends of virgin base stock, alkylate, and catalytically
crecked stock were tested.

The experimental data prcsented in this report are merely fcr
illustration. The ratings of alkylate &nd catalytically cracked
stock are below average and the numerical results are therefcre not
ropresentative of thess types of fuel; furthermore, no attention
has been paid to volatility requirements, Reid vapor pressure, end
other fuel characteristics.

The analysls and the tests covered 1n thils report were con-
ductod at the NACA Alrcraft Engine Reseerch Leboratcry at Cleveland
during July 1944,

ALKYLATE-REPLACEMENT VALUES

Equations for alkylaete-replacement values. - The alkylate-
roplacement valuo of a fuel ccmpenent can be estimated very easily
if the relations between blend composition and knock ratings of the
separate comnonents are known. For blends of most pareffinic fuels,
the following equation from reference 1 spplies:

1 M Nz N3
— ==t — =+ . ., (1)
Pp P1 P2 P3

where

Py knock-limlted indiceted mcan effective pressure

of blend

Pi, Pp, Pz . . . knock-limited indicated meen effective pressures
of components 1, 2, 3, .
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Ny, Ny, N3 . . . mass fractions of components 1, 2, 3, . . . in
T e --  blend

Agsume that ccmponent 1 is the fuel whose replacement value is
desired, component 2 1s the alkylate, and component 3 is the base
gtock.

The alkylate-replacement value is found by holding P, con-
stant and finding the variation of Nj; with N,. The velue of N3
is 1 - (Ny + N2) end consequently

il
AN, Pz Py

replacement value = - A, = I L (2)
Pz ~ Pp

where
AN, change 1n oconcentration of alkylate
ANy change In concentration of renlacement component

The alkylate-replacement value, as 1s shown by equation (2),
denends not only upon the kncck limite of the replacement ccmyo-
nent P; eand the alkylate Pz but also upcn the knock 1limit of
the buse stock Pz. Equetion (2) also shows that the replacement

value 1s independent of the concentrations of the various compo-
nonts and of the knock limit Ty of the final blend.

Engine tests (reference 2) have shown thet equation (1) does
not epply to some blends of nonparaffinic fuels.

Ve
LR}
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In such cases, the alkylate-replacement value dependis not only upon
the lmock limits of the three components, as was the case in egua-
tion (2), but also upon the knock limit P, of the final blend and
the nature of the fuel components,

Graphical estimation of alkylate-replacemernt values., -~ A general
method of estlmatirg alkylate~replacement values tbnat 1s applicable
to blends of any fuels is as follows: DPlot the lnock limit of blends
of alkylate with base stock and replacement component wlth base stock
against blend composition, as 1s shown in figure 1. The ckoice of an
oréinate scrle 1s lmmaterlal; indicated msan effectlve pressure on a
lirear scale, indicated mean effective pressure on a reciprocal scale,
performance numbeyr, octane mmber, or lead rating is permissible.

Road from the graph the percentages of alkylate (point A) and roplace-
mert component (point B) that are required in blends with the base
stock to produce a gasoline of tle desired gr-ade. The alkylate-
replacement value 1s the quosient of the percentages of alkylate

and replacement componert, In the case lllustrated, the alkylate-
replacement value is €2/35 = 1,71,

Vhen the knock limite of the blends follow equation (1), graphil-
cal determination of the repleacement velue can be made on special
graph paper with percentage corposition for the abscissa and knock-
limited Indicated mean effective pressure plotted on an inverted
reciprocal scale for the ordinate (fig. 2). Plot the knock limits
of the vaso stock and tle replacement component, Comnoct these two
points with a straight line, Drew a horlzonsal line across the
graph at tie xmock 1imit of alkylate. The porcentage of replace-
ment component thet l1g required In a blend with the base stock to
give the eame knock 1imit as pure alkylate is represented by the
Intersection of the two lines, The reciprocal of this percentage
1s the alkylate-replacement value of the cauponent belnz studled,
In the case shown, a blend conslsting of 71 percent replacement
comporient 1n the base stock has the same ¥nock limit as alkylate
and the replacement value is therefore 1l.4. For corvenlenco, a
reclprocal scale of alkylate-replacement values has boen added at
the top of flgure 2 to permii direct reeding of the replacement
veluses,

The same proceduro can be apnlied when the ratings of the fuols
are expressed in terms of matching blenda of reference fuels pro-
vided that tho knock limits of tho relerence-fuel blonds agree with
the rociprocal blendirg equasion., A graph 1s drawn with percentage
cammoselition for the aboclasa end knock ratin~s plotted on & linear
scale for tho ordinate, The method 1s 1l1lustrated in flgure 3.
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Relation between alkylate-replacement valves and ratings

?ressea In terms of leaded blends of S and M, - When ratings of

he base fusl, tie alkylate, and the test fuel are expressed in
terms of matching blends of S and M reference fuels each contelining
the seme lead concentratlons, the relatlion between ratings and
alkylate-replacement value can be found from the slngle graph shown
in figure 4. It has been found experimentally that the knock-
limited indicated mesan effective pressure of blends of alkylate
wlth a paraffinic base and S with M reference fuel vary with blend
composition according to the reciprocal blending equation, A
straight line in figure 4 will therefore represent the relation
between ratings and the concentrations of alkylate wlth base,

For the gpecific cass l1lllustrated in figure 4, a fuel with a
rating of 90 1s cquivalent to a blend of 80 percent alkylate with
20 percent base, or 100 barrels of the fuel will replace S0 barrels
of alkylate., The alkylate-replacemont value is consequently 0.8.

The alkylate-replacement value of a fuel 1s, in reality, a
statement of tho fuel rating In terms of a blend of alkylate with
base stock, DPreciso ratings depend upon careful standerdization of
reference fuels and, because the ratings of alkylate and baso stocks
vary widely, the alkylate-replacemont value should not be usod in
place of the usuaml rating of a fuel.

EFFECT OF ENGINE COIDITICNS ON ALKYLATE-REPLACEMENT
VALUES AND FERFORMANCE

The alkylate-rcplacement value is not the same for all engines
and engine conditions. As a corollary to thils statement, whon
alkylate 1a replaced by anothor componert and either thoe F=3 or the
F-4 rating is held constant, the resulting blend wlll not give the
gamoe knock-limited performance under all conditlons as the origlnal
alkylate vlend. It is deslrable that some method of estimating the
performance of tho blends in othor ongines and at other conditions
be devoloped. Such a mothod ls explalned in the succeoding para-
graphs. 1In tho speclfic oxnmples glven, it is assumed that the F-4
ratings are hold constart but tho samo analysls applied to constant
F-3 ratings,

Trilincar graph, - Thoe knock~limited performance of all blonds
of a base stock, a.llqy’la.te , 8nd a replacomont component can bo repro-
sentod by a trﬂ.inea.r graph (fig. 5). It wes shown in referonce 2
that a line representing blonds of equal knock roatings 1s a straight
linoc on this graph, Filgure 5§ was comstruoted from knock-test data
obtained for blends of a virgin baso stock, alkylato, and catelyti-
cally cracked stock, The solid linos in the flguro reprosent tho
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P-4 rich performance numbers and the dashed lines represent the
F-3 performance numbers. <he F-3 performence numbers were found by
converting F-3 octane numbers according to the officlel Army-Navy
oconversion tadle., With the ald of figure £, it is possible to
select a fuel blerd raving any desired F-4 or F-3 rating witi:in the
limite imposed by tae pure coporents. Tihe alkylate-replaccment
values of cataljytlcally cracked stock In virzin base stock as deter-
nined by tests with I’-3 end F-4 metnods are 0,23 and 0,67, respec-
tively.

Figore 6 1s ginflar to Pigure 5 except that the llines were
drawn fram date oktained on a Wrignt R-1820 G200 cylinder at rich
and lean mixtures under tie followlng engine condlitions:

Compreggion ratlo . . o v o ¢ o o o ¢ ¢ o o s o s o 0 2 0 8 o o 1.3
Sparit advance (both plugs), degrees B.T.C. . ¢ « ¢ s o o « o o 25
¥ncine speed, IPM 4 o ¢ o s ¢ 6 o 5 s o 6 o o s s s s s s o &« 2000
Inlet-airtempera.ture,oF...................200
Cylinder-hea.dtempor&ture,oﬂ‘.................550

The cylinder-head temperature was controlled by a thermocouple
located near tre exhaust-end zore and tie control temperatvre was
approximately equivalent to a roar spark-plug-boss temperatuie of
450° ¥, Manifold injection wae used,

The alkylate-1splacement value of catelytically craclked stock
in virgin vese siock maxr ve estlmatod directly from flgure 6, At
rich mixtures, tie flgure shows vhat a blend of 60 percent alkylate
and 12 pcrcent virgin base stock has tlhe same knock limit as cat-
alytically cracked siock and consequently the alkylate~replacement
valuo of the catalyisically craciked stock 1s 0.88., A& similar calcu~
lation can be mede for the alkylete-replacemert value at lean mix-
tures but in tkils cace tle catalrtically cracked stock has a lower
rating tlan the virgin hame stock and additlons of catalytizally
cracked stock requirc additions of alkylate Ilnstead of replacement
of alkylats, The alkylate-roplacement valve ls thorcfore negativo.
Figure © skows tlat a wlond of B85 porcent catal;tically cracied
stock and 15 persent alkylate has the seme knock limit as tho base
stock and the cllkilate-roplacament Telue of cataljtically cracked
gtock is thorefore

AN -
roplacomont valuo = - w’ o915 _ .18
ATy 0.85

Tho lincs of constant F-4 rich knock ratings in figuro 5 are
parallel bocause tho knock limits of all components agroe with the
rociprocal blending oquation. Similarly, the linos of constant
knock ratings at any ono of tho ongine conditions given in figures 5

or § are parallel.
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Effeot of alkylate replacement on F-3 ratings at constant
F-4 rating. - The estimated veriations of F-3 performance of blends
when catalytically cracked stéck replaces alkylete -and when F-4 rich
ratings are held at performance numbers of 130 and 120 are shown in
figure 7. These values are cross-plotted frcm data of figure 5.
The curves lllustrate the degree to which the replacement of alkylate
with catalytically cracked stock reduces the F-3 ratings of the
blends when the F-4 rich ratings are held constant,

The end points of the curves in flgure 7 at 35 and 69 percent
of catalytlically cracked stock reuvresent limiting conditicns of a
two-component blend containing only alkylate and catalytically
cracked stock.

Effect of alkylate replacement on ratings in full-scale cyl-
inder. - The effect of alkylate replacement on the ratings of blends
in a Wright R-1620 G200 cylinder can be estimated from figure 6.
The lines revresenting blends having F-4 rich ratings of 130 and
120 performance numbers were transferred from figure 5 to figure 6
and the corresponding ratings of the blends in the full-scale cyl-
inder were reaed from the graph and plotted in figure 8. Figure d
shows, therefore, the variatlon of rich- and leen-mixture ratings
in a full-scale cylinder of blends having F-4 rich ratings of 130
and 120 performance numbers. The revlacement of alkylate with
catelytically cracked stock increased the rlch-mixture ratings and
decreased the lean-mixture ratings.

CONCLUSIONS

1. Alkylete-replacement value depends not only upon the rating
of the fuel component that 1s replacing the alkylate but also upon
the ratings of the alkylate and the base stock.

2. The alkylate-replacement value of a fuel component 1s inde-
pendent of the knock limit of the blends and of the reletive propor-
tions of the components provided that the knock limits of the blends
follow the reciprocal blending equation.
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3. The alkylate-replacement valus of a fuel in the case where
the knock limits of the blemds do not follow the recivrocel blending
equation depends upon the knock limit of the fuel blend.

Alrcraft Engine Research Laboratory,
Nationel Advisory Committee for Aeronautics,
Cleveland, Okio.

REFERENCES

1. Sanders, Newell D.: A Method of Estimating the Knock Rating of
Hydrocarbon Fuel Blends. NACA ARR No. 3HZ1l, Aug. 1943,

2. Sanders, Newell D., Hensley, Reece V., and Breitwleser, Roland:
Experimental Studies of the Knock-Limited Blernding Character-
istice of Aviatlion Fuels. I - Preliminary Tests in an Air-
Cooled Cylinder., NACA ARR No. E4I23, 1944,




NACA ARR No. EH4L20 Fig.
NAT'ONAL ADV‘SORY LA Trry vry LELBLELS Trry LILELE S TTrT LA Il'l|:
QMMITTEE FOR AERONAUTICS =

- 3

E gp%ﬁggggnt ;
comporient 3

Knock-limited imep, 1b/eq in.

120 RAAASEARAR AR AR AR R EAREARR AR N EARRERRARE R

|
|
1
f

Knoa

1imit

of
tend

1t btaaa e aadgnsaldaanainagagigty

Percentage composition

/ . j
///, :

e
%/ ATkjlatd-reglacqmeny vajue '#'“3.5.": 171
rBase stock 3
3 3
- -
- 15u-13
oll.n AlllaolA Lllulolll L_Lllsol 2. A lso LA A, ‘1“5

Figure 1, - General method for estimating alkylate-replacement

values.




NACA ARR NO. ENL20

Alkylate-replacement value
0 b3 2.5 2 1,81,0 1.4 1,2

Fig.

400‘b T

1
380 t

360
" 340 NATIONAL ADVISORY-

320-—COMMITTEE FOR AERONAUTICS

300

280

260

240

1 ment

compponent

<

1b/s

a

Q
{
|
I
|
|
!
|
l
|
|
I
|
|
|
|

i

|
|
|

R

W

Q
A

of

N
©
N\

Knock-limited ime
N

pli-2

90
0 20 4o 60 &0
Percentage composition

100

Figure 2, - Estimation of alkylagte-replacement values for fuels
whose blends follow the reciprocal blending eguation,



NACA ARR No. EUL20 Fig. 3
Alkylate-replacement value

S L ST YCHN-N W P WS - SN N—

LAl

[ NATIONAL ADVISORY
[ COMMITTEE FOR AERONAUTICS

L4t

; 3
: Replajceme 3
[ compone .
: -
E - - -1 o1 T T ook ikt o
o 1 3
: — allky e ]

™
AA Ll A A RSl

Knock rating, percentage of S + 4 ml TEL/gal in M + 4 ml TEL/gal

T
LA A A

“Basd stock

A A A A L s A Al

[ 1ph=3 ]

0 20 4o 60 80 . 100
- Percentage composition
Figure 3, - Use of reference-fuel ratings for estimating alkylate-

replacement values for fuels whose blends follow the reciprocal
blending equation.




NACA ARR No. EUL20 ' Fige 4

-"Vfl'tiiitl'ﬁ'f vvvv L2k 4 L SR BB 2B } T e wey vV T ¥ LER B AN LER 2B 2 T F vy ""-
: NATIONAL ADVISORY 4
[ COMMITTEE FOR AERONAUTICS p
: 3
[ . 3
1 3
;

H -
5 | :
~ . ]
g | =
Es i o
- [ ]
8 . .
= - -
+ < h
: -4
[ 4
it ]
~120 b
[ " o
L -
I =
[ : .
~ .7 3
9i0F - 4
= C PG p
+ F ‘ h
) s — 3
8 | / ]
L rd -
2}00_ . - b
< - ‘// :
e} F - n
g d // p
o g Vi -
5 | ]
2 90[ ]
- o -
2 .
3 F o= ]
g Y - ]
o 80 1
o " p
£ d -
v o g
70.1111 s 21 22 2 4 2. 2 2 4 2 i 4 4 2 4 2 4 4 2 4 4 3 A 4 4 4 . 4 2 2‘1,.‘1-!81‘

0 M o8 1,2 1.6 2.0 2.4

' Weight fraction of alkylate in blend
Figure 4, - Relation between knock ratings and percentaﬁe of alkylate
1nlglends with virgin base stock, All fuels contaln ml TEL per
ga on. .




Alkylate

130 2 11
\ > NATIONAL ADVISORY

« | .. COMMITTEE FOR AERONAUTICS
120

A ‘ 110 Alkylate-raplacement
————— Performance by F-3 15 g" «A\V ‘ Test method Zii‘é:eifgﬁiﬁﬂ.’.ﬁ”'n’
g T LAVAVA S vAYa W E
A AVAVAYAYAN VAN
Py WAVAVﬁ VAVAVAVA £y
S AVATAAAYaT Y
ERYAYAY \WA A\AV%QA Y
;’ 1055 AVAY V%. AVANILS
R A\x\@‘%

=~ N,

A\' #
JAVAVA Q{@A
AVAV VAVA AVAVA\‘

O
Vlrgin base 90 \/ <)

75
Figure 5. - Knock-limited performance of ternary blends of alkylate, virgin base stock, and
catalytically cracked stock., All fuels contaln 4 ml TEL per gallon tests by F-3 and F-4
methods,

Catalytically
cracked stock

124-4

"ON ¥¥V VOVN

02763

DB!J



Alkylate-replacenent
value of catalytically
Fuel-air ratig cracked stoeck

0.10 0,88
+067 -.18

fmep ratio at a fuel-air 130 performance number, F-§ rich
ratlo of 0,10

~~-——-imep ratio at a fuel-air
ratio of 0,067

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Catalytically
eracked stock

TEL per gallon;
25° B,7.C.; engine speed, 2000 rpm; inlet-air t
temperature at control thermocouple, 5500 r,

1245

0Z7h3 *oN y¥yv VOVN

9 *6:4



NACA ARR No. E¥L20 Fig. 7

E NAT'l(l)'N'A_'L'IA'D'v'l'SIO—'RIY'vterT L0 A § TF O T LA B B 4 L8 BB BB § LB 2 A J llTT:
L COMMITTEE FOR AERONAUTICS 3
“F ‘ ’ <
: ]
: ]
q
- ]

116 | i
t ]
112 .
! 3
| N \ -
[+ )] " -
R N :
2 | N :
3108 \ \ 3
b= g ]
g - \\\ljb enffo ce, [F=4 nich 4
o I ]
5 F :
Q104 | AV .
o f \ ;
e, - N 1
100} AN ]
: N ]
- \ .
3 \\\ ]
p
96 s :
. ]
: \\\\}20 pelrformance | F-U jrich
' R Yol
-llll heek ol S Al A Al b il Lo d d Adod b A Al Add AIIIM:I.AF?A:J E;;A-lf;

0 20 4o 60 &0

Percentage catalytically cracked stock in blend
Figure 7. - Variation of F-3 performance number of fuel blends
resulting from replacement of alkylate with catalytically
cracked stock in virgin base stock and maintalning constant
F-l rich ratings. ' _




NACA ARR No. EUL20 f Fig., 8
1.5- "'l"" Tr_"lll'jﬁTY"'i'T T v T v F T T8 re T 6P 1 \ BRLARAL T 75 17

[ NATIONAL ADVISORY

I COMMITTEE FOR AERONAUTICS

i

t . _ 13d perflormarjce nynber, F=l prich .
o | — -
1.4 ]
;,/,»<”’ ’//,///"120 ﬁerrormance numbdr,
- ‘/’/,,,/‘_ F-4 {rich h
| :
1.3 ]
[ (a) Fuel<alr ratio, 0.1q. ]
1.6 :
\ j
l.5¢ ]
. \\ ]
(o] o -4
-~ \ . 4
ey
] - .
: :\ \ :
o, - ]
o1, 4 1
ECF N\ \ ]
o -4
: \ \ (b) Fuel-pir ratio,| 0.067. ]
1.3 Y P
g ]
F 130 pe#formance number, F-4 ridh ]
: - :
1. . J
1.2f . .
F ]
Y 120 performancel number, ]
3 N 184-7 ]
,1. 4.4 4 4 ll,Ll. 2 4 4 1 2 4 4 4 2 4 2 o 0 & 2 4 2 j_LL.l A gl 4 ] :LL-ll‘ LL.
0 20 " 4o 60 80
Percentage catalytically cracked stock in blend
Figure 8, -~ Varlation of power of fuel blends in R-1820 G200

cylinder caused by replacement of alkylate with catalytically
cracked stock., Ratlos relative to S fuel. Compression ratio,
7.3; spark advance, 25 B.T.C.; engine speed, 2000 rpm; inlet-
alr temperature, 200° F; head temperature at control thermo-
couple, 550° F,




NASA Technical Libr:

Ij! 1176 0 01403 3212



